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ABSTRACT 
Purpose: This study explores recent claims that humans exhibit a minimum cost of transport 
(CoTmin) for running which occurs at an intermediate speed, and assesses individual 
physiological, gait and training characteristics. 
Methods: Twelve healthy participants with varying levels of fitness and running experience 
ran on a treadmill at six self-selected speeds in a discontinuous protocol over three sessions. 
Running speed (kmhr-1),  ̇O2 (mLkg
-1km-1), CoT (kcalkm-1), heart rate (beatsmin-1) and 
cadence (stepsmin-1) were continuously measured.  ̇O2 max was measured on a fourth testing 
session. The occurrence of a CoTmin was investigated and its presence or absence examined 
with respect to fitness, gait and training characteristics. 
Results: Five participants showed a clear CoTmin at an intermediate speed and a statistically 
significant (p < 0.05) quadratic CoT-speed function, while the other participants did not show 
such evidence. Participants were then categorized and compared with respect to the strength 
of evidence for a CoTmin  (ClearCoTmin and NoCoTmin).  The ClearCoTmin group 
displayed significantly higher correlation between speed and cadence; more endurance 
training and exercise sessions per week; than the NoCoTmin group; and a marginally non-
significant but higher aerobic capacity. Some runners still showed a CoTmin at an 
intermediate speed even after subtraction of resting energy expenditure. 
Conclusion: The findings confirm the existence of an optimal speed for human running, in 
some but not all participants. Those exhibiting a COTmin undertook a higher volume of 
running, ran with a cadence that was more consistently modulated with speed, and tended to 
be aerobically fitter. The ability to minimise the energetic cost of transport appears not to be 
ubiquitous feature of human running but may emerge in some individuals with extensive 
running experience.  
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INTRODUCTION 
Paragraph Number 1 Efficient use of energy underlies human activities ranging from 
hunting and gathering to endurance competition, and the existence of an intermediate walking 
speed that minimizes energy expenditure per unit distance (Cost of Transport – CoT) is well 
accepted (1,3,17). However, it has long been held that there is no particular running speed 
that minimizes CoT, or slightly decreasing with speed (10).  The failure to find an optimal 
intermediate running speed for human running has been a feature of research across several 
decades (see representative landmark studies, 5,6,17,20).  
Paragraph Number 2 This conventional wisdom has recently been challenged in studies 
using different running speeds measured over multiple, repeated laboratory trials (23,27). 
These show a quadratic relationship between running speed and CoT at the individual level, 
and evidence that at intermediate speeds (i.e. at a speed other than minimum or maximum 
speed measured for that individual) CoT is minimized (23,27). This new evidence has already 
been referred to as fact in a related study reporting that several back and leg muscles exhibit 
minimum activity at intermediate (but different) running speeds: “Humans are known to 
have energetically optimal walking and running speeds at which the cost to travel a given 
distance is minimized.”(Our emphasis) (4)  
Paragraph Number 3 There are several reasons for treating this reported phenomenon as 
provisional and not as established fact, however. Firstly, these two reports (23,27), together 
with a finding of minimal muscle activation at intermediate running speeds (4), must be 
assessed in light of the many previous investigations that did not find a running speed at 
which CoT was minimised (5,6,17,20).  Secondly, even within these reports (23,27), several 
of the 18 participants show a less than convincing case for an intermediate minimum CoT 
(CoTmin) speed. For example, one participant in the initial report exhibits his CoTmin at his 
highest speed, rather than at an intermediate value (23). In the second report, most of the nine 
participants have monotonically decreasing CoTs for the first four of their tested running 
speeds, with only the final, highest speed showing an increase in CoT, while another has a 
lower CoT at the highest speed, such that the ascending limb of the quadratic function does 
not correspond very well with the observed data (27). Further, some commentators have 
advocated the subtraction of resting energy expenditure prior to the calculation of CoT, to 
provide a clearer focus on the effects of variables such as speed and scale (19).  This 
adjustment selectively depresses CoT value at lower speeds and may lead to monotonically 
increasing values with speed, with no intermediate speed minimum. Indeed, re-calculation of 
data in the previous report’s Figure 2 (27) with subtraction of approximate resting energy 
expenditure levels suggests that some participants may exhibit less clear evidence that their 
COTmin occurs at an intermediate running speed. If, however, individual runners 
demonstrate a CoTmin at an intermediate speed even after adjusting for resting energy 
expenditure, this would constitute strong evidence that the phenomenon can occur, whether 
or not it is widespread. 
Paragraph Number 4 Such reservations are not to cast doubt on the accuracy of these two 
reports, nor on their clear finding that quadratic functions produce better fits than linear 
functions. Indeed, some of the individuals show an unambiguous CoTmin in the intermediate 
of measured speeds and have quadratic CoT-speed functions with very good fits and small 
variances. There could be little doubt that these individuals have an optimal, sustainable 
intermediate running speed and they will incur a higher CoT above or below that speed, if 
unadjusted CoT values are used. The fact that some participants have more variable data and 
less clear-cut minima does, however, raise the possibility that CoTmin may not be a universal 
characteristic of human running.  
Paragraph Number 5 A second reason why this phenomenon warrants more attention is that 
these reports provide almost no information about the physiological status, gait 
characteristics, or running experience of the participants. Participants had athletic 
backgrounds that were “intentionally varied” (27), or were male and had previous experience 
with treadmills (4), but without more information it is not possible to account for any 
differences in the goodness of fit of the quadratic functions. 
Paragraph Number 6 Finally, establishing more clearly the nature of the CoT-speed function 
for humans is a matter of general biological interest, as well as for understanding running 
performance. Though not universal, speeds that minimize CoT have been described in species 
ranging from water-rats (11) to horses (14) and elephants (16), and in both swimming birds 
(18) and fish (25), demonstrating that it is neither scale-dependent nor an exclusive feature of 
legged or terrestrial locomotion.   
Paragraph Number 7 This study examines recent claims that human running exhibits 
intermediate speeds which incur minimum energy expenditure per unit distance (CoTmin), 
and assesses individual physiological, gait and training characteristics that may be related to 
it. 
 
  
METHODS 
Participants 
Paragraph Number 8 Twelve healthy participants (Male: n=8, age 28.3 ± 6.3 yrs, height 
178.8 ± 5.2 cm, weight 75.9 ± 6.6 kg; Female: n=4, age 31.5 ± 7.9 yrs, height 163.4 ± 5.4 cm, 
weight 55.0 ± 8.2 kg) with varying fitness and running experience were recruited (Table 1). 
All experimental procedures were approved by the QUT Human Research Ethics Committee 
and participants gave written consent before commencing the study.  
 
Experimental protocol 
Paragraph Number 9 Participants attended four laboratory sessions each of approximately 
one hour’s duration, with no more than 30 minutes of continuous running per session.  
Paragraph Number 10 The first three sessions were identical with participants required to 
complete six five-minute running bouts at self-selected speeds (two slow, two medium and 
two fast speeds) per session, similar to the protocol used previously (23,27). The speeds 
ranged from 7 to 19 kmhr-1. The order of speeds was randomized, but in order to avoid 
injury, the two fastest speeds were neither consecutive nor first. Participants walked for 
several minutes in between the running bouts to allow heart rate and respiratory exchange 
ratio to return to baseline walking values. Baseline physiological parameters were determined 
each session, prior to the run, when standing still and then walking at 4 kmhr-1 each for five 
minutes. In the fourth session, participants completed an incremental maximal oxygen 
consumption ( ̇O2max) test. The treadmill was calibrated periodically and was set at 1% 
gradient to compensate for the lack of wind resistance in the laboratory (15). Non-identifying 
video recording of the session was collected for data verification purposes.  
Paragraph Number 11 All participants were requested not to consume heavy meals, 
caffeinated drinks or alcohol in the two hours before each session, and not to smoke or 
undertake intense exercise in the preceding 24 hours. 
 
Indirect calorimetry 
Paragraph Number 12 Throughout all laboratory sessions, participants had all expired gases 
collected for analysis. A metabolic cart comprised of a calibrated pneumotachograph (model 
3813, Hans Rudolph, Kansas City, MO) and calibrated CO2 and O2 analyzers (Models CD-
3A and Model S-3-A/I, Applied Electrochemistry, Pittsburgh, PA) were used to measure 
ventilatory and mixed expired metabolic parameters. Before each testing session the 
pneumotachograph was calibrated with a 3L syringe at three different flow rates and the gas 
analysers with two known gas mixtures. The room temperature was maintained between 23 
and 25 degrees Celsius. Heart rate was also monitored (Polar Team
2
, Kempele, Finland) 
during all sessions and recorded in 15-second intervals.  
 
Accelerometer 
Paragraph Number 13 Participants were fitted with inertial measurement units (MTx, 
XSENS Technologies B. V., Netherlands) on their lower back (lumbar vertebrae 3-4) and 
upper back (thoracic vertebrae 3-4) on the second and third session, in pouches attached to 
securely fitting elastic vest and adjustable bands. Two sensors were used in order to compare 
upper and lower back data, ensure data validity and prevent loss of data. 
 
 Cadence 
Paragraph Number 14 After the third session, the average cadence of the participant at each 
speed for each 15 second period was determined from valid lower or upper back 
accelerometer sensor data with a custom-written Matlab program. 
 
Cost of Transport , Cost of Locomotion and Speed  
Paragraph Number 15 Oxygen consumption and carbon dioxide produced were determined 
using breath-by-breath analysis and average values for 15-second periods were calculated. 
The last three minutes of oxygen consumption for each speed were used in the analysis. CoT 
(kcalkm-1) was derived from Weir’s (26) equation [1], adopting the previous authors’ 
approach (23,27) [2].  
REE (kcalmin-1) = ( ̇O2 Lmin-1) x 3.941 + ( ̇CO2 Lmin-1) x 1.11 [1] 
CoT (kcalkm-1) = REE (kcalmin-1)  /  Speed (kmhr-1)  /  60 [2] 
Participants achieved an average of over 97% of their final CoT by the start of this 3-minute 
period and were judged to have achieved steady state. 
Paragraph Number 16 Each participant’s mean values for each speed across sessions were 
determined. Linear and quadratic regressions describing the relationship between CoT with 
speed for each participant were undertaken both without and with adjustment for resting 
energy expenditure, the latter being determined as the values obtained from each individual 
when standing stationary on the treadmill before running.  
 
  
Running experience 
Paragraph Number 17 The participants completed an International Physical Activity 
Questionnaire (IPAQ)(7) short form and a short questionnaire, which included questions on 
their typical number of exercise sessions per week and number of endurance running sessions 
per week. The IPAQ categorical (IPAQ-CAT) scoring algorithm for short forms was used to 
categorize each participant’s weekly level of physical activity in Table 1. 
 
Data cleaning & statistical analyses 
Paragraph Number 18 Prior to analysis, erroneous data were removed. This included non-
physiologically plausible data generated from technical faults, e.g. the participant talking or 
devices slipping, as well as significant outliers in the metabolic measures. Data was not 
analysed if RER was less than 0.707 or greater than 1.0.  
Paragraph Number 19 Inspection of the results for CoT led to the post-hoc allocation of 
participants into sub-groups. Participants were classified as belonging to one of three groups 
with respect to the strength of evidence for a CoTmin. This allowed comparison of factors 
that may be related to the occurrence of a CoTmin. 
Paragraph Number 20 The following criteria were used. Clear CoT minimum group 
(ClearCoTmin): a statistically significant (p < 0.05) quadratic CoT-speed function and the 
actual mean CoTmin value occurring at least two speeds away from the highest or lowest 
speed. Both criteria had to be met for allocation to this group. No CoTmin (NoCoTmin): no 
significant quadratic CoT-speed function and/or an inverse quadratic CoT-speed function 
and/or CoTmin occurring at either the highest or lowest speed. Two or more of these criteria 
had to be met for allocation to the NoCoTmin group. Unclear (UnclearCoTmin): One, but not 
both of a significant quadratic CoT-speed function and CoTmin occurring at least two speeds 
away from the highest or lowest speed.  
Paragraph Number 20b In order to investigate a possible relationship between running 
economy and body weight, an analysis using CoT values normalised to body weight was also 
undertaken.   
Paragraph Number 21 Comparisons between groups were undertaken with Student’s two-
sample t-test. Statistical analyses used IBM SPSS statistics (IBM SPSS statistics, 
International Business Machine Corp, USA).  
 
RESULTS 
Minimum Cost of Transport  
Paragraph Number 22 CoT-speed functions are shown for each participant in Figure 1 
together with quadratic fits and cadence. The CoT functions are also depicted together in 
Figure 2 using the same scaling to assist comparisons between participants (2a, unadjusted, 
and 2b, adjusted for resting energy expenditure). The numerical results are summarized in 
Table 2. It is apparent in Figure 1 that some individuals minimised their CoT at intermediate 
running speeds, evidenced by significant quadratic functions as well as actual mean values 
for CoT’s occurring at speeds other than the highest or lowest. However, other participants 
did not have such clear-cut functions, and some showed no evidence at all that CoT was 
minimised at intermediate speeds. 
Paragraph Number 22b Subtracting resting metabolic values prior to the calculation of CoT 
selectively depressed CoTs at slower running speeds, as shown in Figure 2b, by an average of 
22% for the lowest speed (relative to the values in Figure 1), and a successively smaller 
amount for each increment in speed, reaching a 12% reduction on average at the fastest 
speed. After this adjustment, no individual runner met both the criteria of a Clear CoTmin 
(significant quadratic trend and an actual mean CoTmin value occurring at least two speeds 
away from the highest or lowest speed). However, three runners retained a statistically 
significant quadratic trend and a minimum CoT at a speed other than their highest or lowest, 
while a further four runners showed either one or the other of these characteristics. Again, 
four runners showed no evidence at all of an intermediate CoTmin. A comparison of these 
alternative analyses, and a rationale for placing greater emphasis on the unadjusted values, 
are presented in the Discussion. 
Paragraph Number 22c In order to compare the results with those presented by Hoyt (14), 
the unadjusted CoT values in kcalkm-1 were converted to mlO2m
-1
. Values at all individual 
speeds ranged between 7.5 and 18.6 mlO2m
-1
, and the average difference between minimum 
and maximum CoT for all the participants was 1.74 ± 1.13 mlO2m
-1
.  
Paragraph Number 23 The ClearCoTmin group had a significantly higher correlation 
between speed and cadence than the NoCoTmin participants, t (8) = 2.60, p = 0.031 (Figure 
3c). They also undertook significantly more endurance running sessions and total exercise 
sessions per week, t (8) = 3.39, p = 0.009 and t (8) = 3.49, p = 0.008 respectively (Figure 3b). 
Furthermore, they had a higher (but marginally non-significant) aerobic capacity, t (8) = 2.20, 
p = 0.059, than those in NoCoTmin (Figure 3a). 
Paragraph Number 23b There was no difference between weight-normalised CoT values 
between the ClearCoTmin and the NoCoTmin groups (t=0.29, p=0.78). 
 
  
DISCUSSION 
Paragraph Number 24 The aim of this study was to investigate the existence of a proposed 
CoTmin occurring at intermediate running speeds, and to examine the relationship between 
these parameters and the runners’ gait, fitness and experience.  
 
Minimum Cost of Transport 
Paragraph Number 25 In this study we partially replicated initial reports (23,27) of a 
CoTmin in human running, but it was apparent that while some participants showed a clear 
CoTmin at an intermediate running speed others showed no such evidence (Figure 1).  
Further, an analysis with resting energy expenditure removed from CoT attenuated, but did 
not eliminate, evidence that a CoTmin may occur at intermediate running speeds in some 
individuals (Figure 2b). We undertook this analysis of adjusted values to determine whether 
the appearance of an intermediate speed at CoTmin is simply an artefact of the calculation 
method used. In fact, we propose that the unadjusted data should be given more weight, on 
both practical and theoretical grounds, which we consider in turn.   
Paragraph Number 25a Firstly, using unadjusted CoT values allows direct comparison with 
both the previous reports (23,27), as well as with some of the classic literature. For example, 
the unadjusted CoT values in this paper (7.5 to 18.6 mlO2m
-1 
for individual speeds) are 
broadly comparable to those reported for galloping horses (14 to 17 mlO2m
-1
) (14).  More 
importantly, the range of CoT values across speeds also show similar values (1.74 ± 1.13 
mlO2m
-1
 for twelve running humans compared to 3 mlO2m
-1
 for three galloping horses), and 
exhibit another cross-species similarity – the CoT benefit of optimal speed within a gait 
becomes very much smaller at faster gaits - running in humans (when it is present at all) vs. 
walking (6,20), galloping vs. trotting, and trotting vs. walking for horses (14). 
Paragraph Number 25b Secondly, the use of unadjusted energy expenditure also has merit 
from a theoretical point of view. Any evolutionary advantage of a running gait that 
minimised energy expenditure at intermediate speeds would have to account for total, not just 
speed-related energy expenditure. While adjusting energy expenditure to account for resting 
metabolic rate or unloaded work during exercise has been advocated for efficiency 
calculations (12),  this approach has also been criticised quite strongly(7,9), and even rejected 
outright (22,24). Stainbsy et al. (22), in fact, found that baseline energy expenditure changes 
as the intensity of exercise increases and that it cannot be a constant value.  Irrespective of 
this debate, at the end of a long running bout, early humans who ran at optimal speed would 
have reaped an energy savings (relative to those who did not) that must reflect overall energy 
expenditure, not an artificially calculated component specific to velocity.  
Paragraph Number 25c Irrespective of the analysis used, either with CoT or adjusted CoT, 
the current data lead us to conclude that a CoTmin at an intermediate running speed is a 
characteristic of some individuals rather than human running in general. We then sought to 
identify factors that may distinguish between the groups showing or not showing this 
property by comparing basic measures of fitness, reported training frequency, and running 
gait, and found participants exhibiting a minimum CoT undertook more training, and 
demonstrated a tighter coupling of cadence with running speed than those who did not.    
Paragraph Number 26 The first and fundamental question raised by this outcome is whether 
a CoTmin is in fact a general feature of human running or is restricted to particular groups.  
This is not a trivial distinction, as the first implies a ubiquitous biological principle that 
should be observable in any healthy individual given appropriately careful measurement, 
while the second suggests that it may be an acquired feature of human running that will only 
become evident in specific circumstances. A second question arises in the latter case – what 
are the conditions that determine the presence or absence of a CoTmin? Finally, the potential 
significance of a CoTmin for running, if it exists even in a subset of runners, should be 
considered in light of its magnitude and the velocity at which it occurs. 
Paragraph Number 27 It is informative to consider the results of individual participants in 
more detail.  Participant 1 shows an inverted curve mostly because of one low CoT value at  
7 kcal km-1, which may be slow enough to be considered a walking speed. Both participants 1 
and 2 show a similar trend in which the faster they run the lower the energy cost per unit 
distance. The range of speeds these participants were capable of achieving without RER 
exceeding 1.0 may have some bearing on the occurrence of a CoTmin.  Inspection of Figure 2 
shows that those participants in the ClearCoTmin group (8,9,10,11,12) typically managed a 
broader range of speeds and a higher maximum, commensurate with their generally greater 
aerobic fitness. By contrast, others (such as participants 1 and 2) were unable to achieve such 
high speeds aerobically. This raises the question as to whether CoTmin is not a “scalable” 
property that simply occurs at a lower intermediate speed for a less fit runner, but one that 
requires higher speeds to be achieved. This could occur if CoTmin is related to some optimal 
biomechanical properties that only emerge if sufficient speeds can be maintained. Future 
studies of CoT should consider using as broad a range of speeds as possible.  This could also 
inform studies of candidate mechanisms, which include the exploitation of the natural 
frequencies of oscillating appendages and associated minimisation of energy inputs, as well 
as features of muscle and tendon contractile physiology and mechanics.  If frequency proves 
to a key variable, the tight linkage of cadence and speed in some runners may explain why a 
given runner has an energetically optimal speed. 
Paragraph Number 28 What other factors may contribute to the occurrence of a CoT 
minimum? It is possible that runners with a highly efficient gait manifest a CoTmin, either 
because it is not masked by variability in energetic costs, or because part of learning to run 
efficiently includes discovering how to run at CoTmin. Thus gait related features might 
explain the existence or absence of a minimum cost of transport.  
 
Gait related features & Endurance training 
Paragraph Number 29 Our interpretation is that a CoTmin is not a ubiquitous feature of all 
human running. Rather, it is a latent phenomenon that emerges only in those individuals who 
undertake significant volumes of endurance running and acquire high levels of control over 
their running gait.  This is suggested by the fact that those with a clear CoTmin undertook 
significantly more endurance running per week, and showed significantly tighter coupling of 
cadence and running speed, than those who did not. This coupling likely indicates that those 
runners have developed not only high levels of control and consistency in their running gait, 
but that they have learned to modulate cadence with speed, most likely in a manner that 
increases economy and allows CoTmin to emerge.  The three runners who retained an 
intermediate speed CoTmin even after adjusting for resting energy expenditure and whose 
significant quadratic functions also still had its minimum at a speed above their lowest 
(participants 9, 10 & 12) had very strong coupling between cadence and speed, those with 
weaker evidence of an intermediate speed CoTmin had a weaker speed/cadence coupling, and 
those who showed no evidence of a CoTmin had a weaker coupling still. 
Paragraph Number 30 Support for this interpretation comes from a recent report of CoT in a 
study of anatomical asymmetries and running (21).  This study includes a figure showing that 
“untrained” and “occasional runners” manifest an approximately invariant or slight linear 
decrease in CoT with running speed, while “trained” runners exhibit a CoTmin at the middle 
of the five running speeds studied.  The authors reported no significant difference among 
groups across velocity for CoT.  The current study, similarly, found no difference between 
NoCoTmin and ClearCoTmin groups, and when expressed in common units (Jkg-1m-1), 
participants in the current study had extremely similar values. Although individual data are 
not presented and the analysis did not include evaluation of quadratic or other CoT functions, 
it is consistent with the current findings and with CoTmin being a function of running 
experience.   
Paragraph Number 31 The first report (23) of a CoTmin was conducted with the goal of 
elucidating the evolution of early humans for persistence hunting, an activity that required 
covering distances in excess of 20 km, and in which the capacity to conserve energy by 
running at close to optimal speed may have conferred a survival advantage, especially in 
conditions where food resources were scarce and energy at a premium. It is reasonable to 
assume that most early humans ran more frequently and further than most modern humans, 
and that only those modern humans who run frequently achieve the control over running gait 
that is likely to have typified early humans.  
Paragraph Number 32 We propose that only specific groups of modern humans manifest a 
CoTmin – trained competitive runners, and, possibly, those who run routinely but not for 
competition. For example, groups of male and female Kenyan Nandi school-children have 
recently been reported to have maximal oxygen uptakes averaging 73.9 and 61.5 mL kg-1 km-
1
, respectively, averaging 7.5 and 6.2 km of walking and running daily, none of whom took 
part in any formal athletic training (13). Their running efficiencies were reported as 271 and 
257 mL kg-1 km-1, respectively – not greatly different from values reported for top class 
international marathon runners (2), and we predict that such individuals would show a 
CoTmin despite not having any involvement with competitive running events.  
Paragraph Number 33 Definitive studies of human running efficiency and its relationship to 
variations in speed might include measurements from large cohorts of participants stratified 
by running experience.  More persuasive still would be the measurement of CoT in untrained, 
inexperienced runners as a function of speed, with follow-up after they have undertaken 
extensive periods of running training.  We would expect a CoT minimum to emerge over 
time in such a study and to closely follow improved control of running gait if our view that 
this is an emergent property is correct.  
Paragraph Number 34 If future work confirms the phenomenon at least for some 
individuals, it raises questions about its possible value in contemporary competitive running. 
One possible application of optimal speed in runners is for endurance training. During long 
endurance training runs, runners are advised to run at a conversational pace so as to prevent 
over-exertion and injuries. Optimal speed might act as a guide for pace selection for long 
distance training runs and tapering periods. Possible benefits during races would depend on 
the race distance.  Some of the runners in the current study had estimated optimal speeds that 
were clearly lower than their expected 5km and 10km race speeds, so it would cost them time 
to run at their optimal pace. On the other hand benefits could potentially accrue for longer 
events, where energy harvested by running at the optimal speed would cost little or no time 
and be available in the final stages of the event. An intriguing possibility is that some runners 
may normally race at a speed slightly lower than their optimum, in which case they could 
benefit both by taking less time and by saving energy were they to run at their optimal speed.  
This is more likely to occur in much longer races, such as marathon (42km) and ultra-
marathon events.  In any event, the energy savings are very small, as shown by the very 
shallow quadratic curves relative to those evident for walking or in the gaits of other species.  
Further research could both further clarify the conditions necessary for a runner to display a 
CoTmin, and whether this has any capacity to benefit performance. 
 CONCLUSION 
Paragraph Number 35 The findings in this paper do not support the proposition that there 
exists an optimal speed in running, determined by CoT minimum, as a ubiquitous feature of 
human locomotion. However, its presence in those runners who underwent higher amounts of 
endurance training and who were able to run with a consistent cadence suggests that it may 
be a latent phenomenon that is dependent on the ability to control running gait to a very high 
level.  
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FIGURE CAPTIONS 
Figure 1 – Individual participants’ CoT-Speed quadratic regression; and Cadence-Speed 
linear regression. Left y-axis shows the CoT in kcalkm-1 with Speed in kmhr-1. Solid and 
empty circles represent CoT-Speed points of female and male participants respectively. Solid 
lines show CoT-Speed quadratic regression. Right y-axis shows Cadence in stepsmin-1 with 
Speed kmhr-1. Crosses represent Cadence-Speed points. The dashed line shows the Cadence-
Speed linear regression line. 
 
Figure 2 – a) CoT-Speed scatter plot and quadratic regression line showing values for all 
participants. b) Adjusted CoT-Speed scatter plot (with resting energy expenditure removed) 
and quadratic regression line. 
 
Figure 3 – a) Aerobic capacity, b) frequency of endurance and total training sessions, and c) 
association between speed and cadence for participants identified as showing no CoT 
minimum, uncertain, or a clear CoT minimum. See text for definitions. * Significantly 
different to NoCoTmin (p < 0.05). 
  
 
 
 
 
 
 
 
 
Table 1 – Characteristics of participants. International Physical Activity Questionnaire categories (IPAQ-CAT) are used to classify participants 
into ‘low’, ‘moderate’ and ‘high’ levels of physical activity. Participants also stated their number of interval training, endurance training and 
fartlek training for the past week.  
ID Gender 
Age 
(yrs) 
Height 
(cm) 
Weight 
(kg) 
IPAQ-CAT 
Interval 
Training 
(per week) 
Endurance 
Run  
(per week) 
Fartlek 
Training 
(per week) 
1 Female 36 160.5 48.7 MODERATE 0 1 0 
2 Male 33 174.5 76.0 LOW 0 0 0 
3 Female 30 157.8 48.0 LOW 0 0 0 
4 Male 25 170.0 62.0 MODERATE 0 0 0 
5 Male 21 181.0 78.0 HIGH 3 2 1 
6 Male 24 184.5 83.0 HIGH 3 0 0 
7 Male 28 183.0 80.0 HIGH 2 1 0 
8 Female 21 165.1 65.3 HIGH 1 2 1 
9 Female 39 170.0 58.0 HIGH 0 2 0 
10 Male 37 181.0 75.0 MODERATE 2 4 0 
11 Male 22 182.0 81.0 HIGH 1 1 1 
12 Male 36 174.0 72.0 HIGH 1 4 0 
Table 1
ID Gender 
Actual 
HRmax 
(bpm) 
VO2max  
(mlkg-1min-1) 
Cost of Transport vs 
Speed 
Quadratic 
Cost of Transport  
vs Speed  
Linear 
Cadence vs Speed 
(session 2, 3)  
Linear 
Adjusted Cost of 
Transport vs Speed 
Quadratic 
 
  
 
  Significance R
2
 Significance R
2
 Significance R
2
 Significance R
2
 
1 Female 182 35.61 0.17
ϯ
 0.83 0.16 0.54 0.37 0.26 0.72
ϯ
 0.28 
2 Male 193 48.48 0.01*
ᵝ
 0.96 0.00 0.96 0.11 0.51 0.09
ϯ
 0.80 
3 Female 194 43.76 0.12 0.88 0.07 0.72 <0.01* 0.97 0.04* 0.96 
4 Male 193 48.57 0.99 0.01 0.96 0.00 0.07 0.71 0.56
ϯ
 0.25 
5 Male 198 60.09 0.17 0.58 0.07 0.50 0.02* 0.78 0.01*
ϯ
 0.92 
6 Male 190 57.64 0.10 0.78 0.94 0.00 <0.01* 0.90 <0.01* 0.98 
7 Male 186 59.58 0.06 0.85 0.02 0.80 0.03* 0.73 0.76 0.17 
8 Female 206 52.90 0.05* 0.87 0.23 0.34 <0.01* 0.90 0.08 0.81 
9 Female 187 50.99 0.04* 0.88 0.65 0.06 <0.01* 0.91 0.01* 0.96 
10 Male 175 57.64 0.04* 0.88 0.95 0.00 <0.01* 0.99 0.02* 0.93 
11 Male 200 61.47 0.01* 0.90 0.01 0.80 <0.01* 0.95 0.41 0.36 
12 Male 183 62.79 <0.01* 0.95 0.02 0.68 <0.01* 0.99 <0.01* 0.98 
 
Table 2
Table 2 – Each participant’s results from the three discontinuous treadmill sessions and  ̇O2max test. * Significant functions, p < 0.05. 
ϯ
 Inverted 
U-shaped quadratic functions. ᵝ  Minimum outside range of possible running speeds. Actual maximal heart rate is determined from the  ̇O2max 
test. Adjusted Cost of Transport has resting energy expenditure removed. 
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